Transient imaging techniques capture the propagation of an ultra-short pulse of light through a scene, which in effect captures the optical impulse response of the scene. Recently, it has been shown that we can capture transient images using commercial, correlation imager based Time-of-Flight (ToF) systems. But the temporal resolution of these transient images are currently limited by high-speed electronics. In this paper, we propose 'Spatial Phase-Sweep' (SPS), a technique that exploits the speed of light to increase the temporal resolution of transient imaging beyond the limit imposed by electronic circuits in these commercial ToF sensors. SPS uses a linear array of light sources with a controlled spatial separation between these sources. The differential positioning of these sources introduce sub nano-second time shifts in the light wavefront, improving the time resolution of captured transients. As a proof of concept, we demonstrate a prototype which improves the temporal resolution of transient imaging by a factor of 10x, without any modification to the underlying electronics.
INTRODUCTION
Transient imaging or light-in-flight imaging refers to capturing the temporal response of a scene to an ultra-short pulse of light. Current techniques to capture transient images are either based on streak cameras or on photonic mixer devices. Streak cameras when used along with femtosecond laser pulse based illumination sources can provide fine temporal resolution (≈ 1 picosecond), but such systems [2] [3] [4] [5] are prohibitively expensive and cost upwards of several hundred thousand dollars. More recently, Heide et al. [6] , Kadambi et al. [1] , O'Toole et al. [7] , and Tadano et al. [8] have shown that commercially available Time-of-Flight (ToF) cameras (cost: ≈ $200.00) based on correlation imagers can be used to acquire transient images. Unfortunately, the temporal resolution of these techniques is limited by the accuracy of the phase locked loop (PLL) circuit in the on-board electronics of these devices. In commercially available FPGA systems, the Most of the hardware and software design of our system is provided by Achuta Kadambi [1] . We are extremely grateful for the detailed documentation and the in-depth instructions provided by Kadambi et al . that allowed us to build our prototype. This work was partially supported by Sony Corporation and by NSF Grants IIS:1116718 and CCF:1117939. To capture the impulse response of the scene, we employ a pseudo random code, whose auto correlation is triangle shaped. (a) The sampling rate of auto correlation is limited by the minimum phase shift amount of PLL circuit in conventional systems [1] . The red dots indicate the sampling of the transient waveform that can be accomplished using conventional techniques. (b) In our system, using the same electronics, a light source array is utilized to introduce more samples in phase by means of spatial domain sweep. The various colored dots show the sampling of the transient waveform from each of the light sources in the array, resulting in increased temporal resolution.
on-board electronics and the PLL limits the minimum achievable phase shift to the order of about 100 picoseconds. As a consequence, transient images obtained using photonic mixer devices have a much lower temporal resolution compared to systems based on streak cameras and femtosecond lasers. Our goal in this paper is to improve the temporal resolution of transient images obtained using correlation imagers over and above the limit imposed by the sensor electronics. We exploit the speed of light (3× 10 8 m/sec) to our advantage and propose a technique called 'spatial phase-sweep' (SPS) to improve the temporal resolution of transient images obtained using correlation imagers. The idea behind spatial phasesweep is very simple. We use an array of light sources with the different sources in the array being slightly offset along the optical axis. That creates small but precisely controllable differences in time of travel between the light pulses emitted by the different sources ( Fig. 1 ). Since the light source positions in an array can be precisely controlled, the corresponding path length differences created result in a slight temporal offset -the temporal offset Δt, is given by Δt = Δd c , where Δd is the spatial shift between adjacent light sources in the array, and c is the speed of light. In our prototype, Δd is 3 mm, resulting in a temporal resolution Δt of about 10 picoseconds, an order of magnitude better than the limit imposed by the Fig. 2 : Correlation based ToF sensor: The system controller sends two binary signals: f (t) to the correlation imager and g(t + φ) to the illumination source. For each pixel, the imager measures cross correlation between the reference signal and the incident light (reflected version of g(t + φ)) as shown in Eq. 1. on-board electronics. The main technical contributions of our paper are as follows:
• We propose spatial phase-sweep, a technique to improve the temporal resolution of transient images captured using photonic mixer devices. • We develop algorithms for self-calibration and transient image recovery from the data captured using spatial phase-sweep ToF camera. • We build a proof of concept prototype and demonstrate a 10x improvement in temporal resolution.
PRIOR WORK We briefly review various approaches to transient imaging.
Holography: Abramson captured the first light-in-flight images by shining a flat surface and a hologram with a short laser pulse [9, 10] . The beam from the flat surface is used as reference beam and the light coming from hologram interferes with the reference beam to produce an image that corresponds to a short distance traveled by the light wave. Nilsson [11] repeated the same experiment with the help of CCD array to create digital light-in-flight video. OCT: Gkioulekas et al. [12] proposed micron-scale transient imaging using optical coherence tomography (OCT). The idea of incorporating OCT technique is close to ours, except for the fact that the OCT is based on optical interference at wavelength scale and our technique is based on correlation based interference at modulation wavelength scale. Hence, the scale of the subject they support is quite small, 2 cm H × 2 cm W × 1 cm D. Streak cameras: Velten et al. [2, 3, 5] proposed the use of a streak camera and a femtosecond laser to capture transient images. The streak camera captures one horizontal scan line at a time and scans the entire scene. Heshmat et al. [4] utilized a tilted lenslet array to realize a single shot transient imaging at a temporal resolution of 2 picoseconds. To handle non-repetitive time evolving events, Gao et al. [13] employed digital micro-mirror device (DMD) and compressed sensing techniques along with streak camera, however their temporal resolution is 10 picoseconds. Correlation imagers: To realize inexpensive transient imaging, correlation imager based methods have been proposed [1, 6, 7] . Correlation imagers are the basic building blocks of most commercial time of flight cameras [14] . The light scattered off the subject is correlated with a programmable sensor [7] used an encoded projector to modulate the light both spatially and temporally achieving the temporal resolution of 100 picoseconds. All these correlation imager based techniques are limited in their temporal resolution, primarily due to the phase control precision of PLL in electrical circuits.
BACKGROUND
A ToF camera [15] [16] [17] [18] [19] consists of a correlation imager and an illumination source (typically a laser diode) that emits coded illumination g(t). This illumination signal interacts with the scene and reaches a sensor pixel (Fig. 2) . The sensor measures the correlation between the received signal and a binary coded signal f (t) inside the sensor circuit. The measurement at each pixel can be mathematically represented as
where τ is temporal delay of illumination due to the finite speed of light that travels from the light source to the sensor pixel via scene, α(τ ) is the scene response (integration of all contributions from different light paths p that correspond to the same delay τ ), T is exposure time, and φ is delay for illumination signal controlled by the system. α(τ ) in Eq. 1 is the impulse response of the world or transient response that we are interested in solving for. The most common approach to solve for α(τ ) to generate a transient image is by de-convolving b(φ) with cross-correlation function between f (t) and g(t) [1, 6] . The problem with this approach is that the measurements b(φ) cannot be sampled at arbitrary sampling rates. The maximum sampling rate is limited by the sensor electronics that controls the phase shifts that can be realized. With the existing electronics, b(φ) can only be sampled once every 100 picoseconds (10 Gfps). 
INCREASING TEMPORAL RESOLUTION OF TRANSIENT IMAGING
As described in Sec. 2, temporal resolution of conventional transient imaging using correlation imagers are theoretically limited to around 100 picoseconds [1] , determined by precision of phase shift control (φ) of the PLL circuit. In this paper, we introduce a technique to boost temporal resolution without increasing the precision of PLL phase shifting (Fig. 3 ).
Spatial phase-sweep
Currently available oscillator's temporal resolution of 100 ps corresponds to a distance of 3 cm traveled by light. With the current state-of-the-art design, the 3 cm precision control determines the theoretical limit of the frequency of the transient image. To break this limit, we insert extra phase delay by arranging an array of light sources perpendicular to the image plane. We call this 'Spatial phase-sweep' as the spatial arrangement of light sources sweeps the phase of illumination signal. After incorporating the extra freedom of the position of the light source, the measurements are re-formulated as:
where μ n is phase delay inserted by n th light source. Though the light sources can be arbitrarily placed, we place them uniformly. Hence, μ n is given by μ n = n · Δd c , where Δd is the distance between two consecutive light sources. We can now sample the measurements at the rate of Δd c = 10 ps, allowing us to acquire information that is previously not possible. 
Calibration for phase insertion
As we change the active light source the amplitude of incident light at each pixel and the distance between object and light source changes. To overcome this inconsistency, we introduce an equalization process between the data taken with different illumination sources. Let us call measurements set for multiple light source positions as {b n (φ)}, where n denotes the index of active light source. For each measurement n, we calculate equalization coefficient w n by minimizing the following cost function via least squares method:
where b n (φ) is measurement corresponding to n th light source, andb n (φ) is estimation of equalized b n (φ) obtained by linearly interpolating data set {b 0 (φ)}. The cost function is intended to decrease the squared error betweenb n (φ) and equalized observation w · b n (φ).
Systematic error analysis of phase insertion
Consider a simple situation where we have a planar subject and the light sources are perpendicular to the subject as shown in Fig. 6 . We evaluate the difference between two distances from the light source to points A and B. Using primal trigonometry, S = |O A| − |OA| and its first order Maclaurin expansion can be written as follows:
For simplicity, let us assume that B is on the line of light source array. Hence, |O B| − |OB| = Δd. Suppose we want to increase the temporal resolution by N times. We make sure that the phase inserted does not deviate from the ideal phase by the amount of phase shift introduced. Hence, we have
For example, if the illuminated range is less than 50 • (θ ≤ 25 • ), like a normal lens, the maximum magnification in temporal resolution will be: N ≤ 21.3.
RESULTS
We show experimental results both in quantitative and qualitative manner. In the visualization process, we perform a peak detection using OMP technique to show the wave front propagation, similar to [1] . The red pixels in the images indicate the pixels that receive light at that particular time instance. 
Experimental setup
Our implementation is comprised of FPGA, infrared laser diode, PMD 19k-S3 (ToF sensor), and a translation stage. To simulate light source array, we use a translation stage to move the light source linearly towards the subject. Fig. 4 (a) shows our setup. FPGA controls various functions of correlation imager including the reference code f (t).
Effective temporal resolution
We placed a terraced slope with 3 mm thick sheets arranged in front of the camera as shown in Fig. 5 (a) . We quantify the temporal resolution as the number of sheets occupied by the wavefront as shown in Fig. 5 (c) . The effective temporal resolution can be measured from the width of the red pixel band. We pick up a frame and count the number of sheets the red pixel band occupies. Suppose the band occupies n sheets, the temporal resolution of the transient image in Frames Per Second (F P S) will be (3.0 × 10 8 )/(0.003 × n × 2). The factor 2 is added as the frame rate appears doubled because of the distance traveled by light from light source to camera via the subject. From Fig. 5 (c) , the band lies in 2-3 sheets in a single frame, which turns into 16.7-25 Gfps. The size of the subject is too small to tell the effective temporal resolution of conventional transient image in the same manner. However, temporal resolution is at most 5 Gfps, since the whole 10 sheets are occupied by the red pixel band in a single frame. More results can be found in [20] .
Light propagation on tiny objects
Coupled mirror: Consider the set up in Fig. 4 (b) . The transient images are shown in Fig. 7a . The effects of 1x and 10x are similar to the quantification experiment. Consider the top row of 1x and top three rows of 10x results. We can notice that the propagating wave front of the light on the stuffed toy's surface is resolved more precisely in the 10x result. The light hits at its nose and arms first, then gradually propagates onto its stomach and forehead taking 10-20 frames in the 10x result. On the other hand, the same phenomenon occurs within only 1-2 frames in the 1x result. The width of the band of red pixels is narrower in 10x than 1x. Grapes: Fig. 7b shows the transient imaging result of set up in Fig. 4 (c) . The light source is placed on the right side of the scene. Although we can infer that light is traveling from right side to left side in both of 1x and 10x results, it can be noticed that 10x result describes the phenomenon more precisely than 1x result. In 10x result, we can observe the light propagation even on a single grape. Supplemental results: Additional results and an expanded version of the experimental results presented here can be viewed on our arXiv manuscript [20] .
CONCLUSION
We proposed a technique to increase the temporal resolution of transient imaging by introducing additional temporal sampling via spatially aligned light sources.
